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Edited by Hans EklundAbstract Fe-only or FeFe hydrogenases, as they have more re-
cently been termed, possess a uniquely organometallic enzyme
active site, termed the H-cluster, where the electronic properties
of an iron–sulfur cluster are tuned with distinctly non-biological
ligands, carbon monoxide and cyanide. Recently, it was discov-
ered that radical S-adenosylmethionine enzymes were involved
in active hydrogenase expression. In the current work, we present
a mechanistic scheme for hydrogenase H-cluster biosynthesis in
which both carbon monoxide and cyanide ligands can be derived
from the decomposition of a glycine radical. The ideas presented
have broader implications in the context of the prebiotic origin of
amino acids.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Hydrogenases are the key components of global biological
hydrogen cycling where numerous microorganisms can utilize
hydrogen as a source of reducing equivalents for energy yield-
ing processes [1]. In addition, hydrogenases within various
fermentative microorganisms catalyze the production of
hydrogen in a process that results in the regeneration of elec-
tron carriers [2]. In many cases, organisms have established
syntrophic relationships based on interspecies hydrogen trans-
fer [3]. Enzymes that catalyze reversible hydrogen oxidation
contain metals and have been classiﬁed into NiFe and FeFe
or Fe-only hydrogenases based on their respective metal con-
tent [1]. The NiFe hydrogenases have a bimetallic NiFe active
site in which an Fe atom bound by bridging thiolates possesses
both carbon monoxide and cyanide ligands [4–6]. For the FeFe
class, the active site ‘‘H-cluster’’ consists of a [4Fe–4S] cubane
bridged to a diiron subcluster (Fig. 1), which is coordinated by
a non protein dithiolate bridging ligand and carbon monoxide
and cyanide ligands [7–9]. Although the composition of the
dithiolate linkage has not been determined experimentally,
the linkage has been proposed to be either SCH2CH2CH2S
(PDT) or SCH2NHCH2S (DTN) [8,10].*Corresponding authors. Fax: +406 994 7211.
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doi:10.1016/j.febslet.2005.12.040In the context of biosynthesis of these metal clusters, key is-
sues are the composition and source of the bridging dithiolate
of the FeFe hydrogenases and the source and mechanism of
the formation of the Fe carbonyls and cyanides. With respect
to the latter, it has been demonstrated previously for the NiFe
hydrogenases that carbamoyl phosphate serves as the source of
cyanide ligands in the NiFe hydrogenases by the activity of
HypE and HypF [11]. For organisms possessing only FeFe
hydrogenases, homologs of these gene products have not been
identiﬁed suggesting that cyanide ligands to Fe atoms are gen-
erated in a diﬀerent manner. Until very recently, when it was
discovered that two enzymes (HydE and HydG) have signiﬁ-
cant primary sequence similarity to radical S-adenosylmethio-
nine (SAM) enzymes [12], little could be rationalized about the
biosynthesis of the FeFe hydrogenase H-cluster. Recent bio-
chemical work has clearly conﬁrmed that both HydE and
HydG are radical SAM enzymes [13].
Enzymes of the radical SAM family generate catalytic radi-
cals at an active site consisting of a [4Fe–4S] cluster positioned
in close proximity to SAM [14–16]. In this active site, the [4Fe–
4S] cluster is coordinated by three cysteine thiolate ligands to
three of the Fe atoms and the fourth Fe atom is directly coor-
dinated to SAM through its nitrogen and carboxylate oxygen
[17]. The SAM sulfonium sulfur located near both the Fe and a
neighboring sulﬁde of the cluster allows for a single electron
transfer from the [4Fe–4S] cluster to the SAM sulfonium.
SAM is cleaved yielding a highly oxidizing 5 0-deoxyadenosyl
radical. Radical chemistry is then imposed on a number of or-
ganic substrates in a variety of reactions including hydrogen
atom abstraction, sulfur insertion, and carbon–carbon bond
cleavage dependent isomerization reactions [16]. The discovery
that these enzymes are involved in H-cluster biosynthesis [12]
provides signiﬁcant insights into the nature of the precursors
and chemical steps in this process.2. The occurrence of hydrogenase accessory genes
Genes implicated in hydrogenase H-cluster biosynthesis
(hydE, hydF, and hydG) were identiﬁed by the analysis of mu-
tants of the green algae Chlamydomonas reinhardtii defective in
hydrogen production [12]. The involvement of the gene prod-
ucts directly in hydrogenase maturation was conﬁrmed in this
work by their requirement for the heterologous expression of
active hydrogenase in Escherichia coli. Since fully active en-
zyme was not obtained in this work, it could not be concluded
whether the three gene products are the full complement of
biosynthetic genes necessary for cluster biosynthesis. However,blished by Elsevier B.V. All rights reserved.
Fig. 1. Schematic representation of the proposed chemical steps of H-cluster biosynthesis involving radical SAM enzyme activities (Steps A–D,
intermediates I–IV). The [2Fe] subcluster assemblies and intermediates are represented as ball-and-stick models embedded in the protein environment
of a radical SAM enzyme active site (the [2Fe–2S] site of BioB [36]) with carbon atoms in gray, oxygen in red, nitrogen in blue, sulfur in yellow, and
iron in rust brown. The central atom of the dithiolate linkage and the unknown iron ligands are represented in magenta. The ribbons representation
of the overall structure of the FeFe hydrogenase from Clostridium pasteurianum [9] (V) is shown in the lower right with an expanded stereo view of a
ball-and-stick (same coloring scheme) of the ‘‘H-cluster’’ shown in the upper right.
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these three genes are the only genes in common to all organ-
isms that can be rationally linked with FeFe hydrogenase, sug-
gesting that hydrogenase maturation only requires these three
gene products. In some cases the gene products occur in gene
clusters with the hydrogenase structural gene(s), but in many
cases the occurrence of the accessory genes are discontinuous.
The apparent hydrogenase gene clusters, in several instances,
include genes other than hyde, hydf, and hydg, but these addi-
tional gene products are not common in all organisms suggest-
ing that their presence may reﬂect the unique metabolic needs
of individual organisms.3. The components of H-cluster biosynthesis
Assuming at this point that the entire process of H-cluster
biosynthesis and insertion occurs by the activity of the gene
products HydE, HydF, and HydG, this includes two radical
SAM enzymes (HydE and HydG) and an additional gene
product HydF that possesses a GTPase domain and conserved
cysteine residues that could bind a [4Fe–4S] cluster. These en-
zymes then work in concert to generate the dithiolate linkage,
generate carbonyl and cyanide ligands, and eﬀect the properassembly or insertion of the novel organometallic cluster into
hydrogenase. The previously characterized catalytic functions
of various radical SAM enzymes provide the basis for generat-
ing a hypothetical scheme for H-cluster biosynthesis. The
previously characterized sulfur insertion activities of LipA
[18] and BioB [19] in the biosynthesis of lipoic acid and biotin,
and the reactions catalyzed by lysine-2,3-amino mutase [15]
and pyruvate formate lyase activating enzyme [20], which oc-
cur via amino acid radical intermediates are of particular rele-
vance to understanding to the H-cluster biosynthesis.
The likelihood that the HydE, HydF, and HydG are the
only speciﬁc gene products required for H-cluster biosynthesis
may be considered as an additional clue into the biosynthetic
process. This strongly suggests that the precursors for the H-
cluster dithiolate moiety and carbon monoxide and cyanide li-
gands must be common compounds within a cell. In addition,
since FeFe hydrogenases are present in organisms from a vari-
ety of physiological niches and diﬀering metabolic needs, the
precursor compounds need to be in general supply regardless
of metabolism. In this regard, these enzymes are often found
in organisms with a strictly anaerobic metabolism, which re-
duces the pool of potential compounds signiﬁcantly. It seems
very likely that the precursors for the H-cluster non-protein
ligands are derived from either glycolysis intermediates or
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gous to nucleotide base biosynthesis from compounds such
as aspartate, glutamine, and glycine.4. Generating a dithiolate bridged 2Fe cluster
Given the above considerations, we have developed a work-
ing hypothesis for the reaction sequence for H-cluster synthe-
sis. Considering the reactivity of a [2Fe–2S] cluster with a
radical species, the most reactive groups are expected to be
the sulﬁde atoms due to the high Fe–S bond covalency. Thus
the formation of a cluster intermediate in which a dithiolate
linkage replaces the sulﬁde sulfurs of the [2Fe–2S] would
eﬀectively alkylate and protect the sulfurs from further reactiv-
ity such that the Fe atoms would replace the sulfurs as the
most reactive groups toward radical species. That being said,
we strongly favor a mechanism of H-cluster synthesis that in-
volves the initial formation of the dithiolate linkage. For this
step, we envision a reaction similar to the chemistry observed
for lipoate synthase (LipA), which is involved in sulfur inser-
tion into the alkyl precursor of lipoate (Fig. 1, Step A) [21].
The structural similarities between the lipoic acid and the H-
cluster dithiolate are highly supportive of this concept [13].
As mentioned previously, we envision that this HydE or HydG
catalyzed step involves some common metabolite in which the
precursor alkyl group is derived from glycolytic intermediates
such as pyruvate or perhaps an amino acid such as aspartate,
invoking slightly more complicated chemistry than that of the
LipA or BioB sulfur insertion reactions. Although the simplest
path to the dithiolate linkage would involve either propane, in
the case of PDT, or dimethylamine for DTN, their role as a
speciﬁc substrate or precursor for this reaction seems unlikely
given these compounds may not be present at signiﬁcant con-
centrations in prokaryotic cells. In contrast to the chemistry of
LipA that catalyzes sulfur insertion in which the source of sul-
fur is a sacriﬁcial iron–sulfur cluster [21], the product of this
reaction in H-cluster biosynthesis is an intact dithiolate linked
[2Fe–2S] cluster (Fig. 1, II). Instead of the enzyme serving as a
reagent and source of sulfur as in the LipA and BioB reactions,
the radical SAM enzymes serve as a reagent source for the en-
tire cluster unit. Although there would be some reduction in
the covalency of the Fe–S bonds upon alkylation of the cluster
sulﬁdes, the existence of the H-cluster in the hydrogenase en-
zyme itself strongly suggests that a dithiolate bridged cluster
intermediate as described above could be stable. After forma-
tion of this dithiolate bridged [2Fe–2S] cluster intermediate,
the cluster unit could then be transferred intact into the next
radical SAM enzyme for the next step in the biosynthetic path-
way which would likely be an energy requiring step. This may
suggest that the HydF protein having a GTPase motif couples
the energy from nucleotide hydrolysis to the translocation of
the intact dithiolate linked [2Fe–2S] (Fig. 1, Step B). Alterna-
tively, the intact dithiolate linked [2Fe–2S] cluster could re-
main bound at the ﬁrst radical SAM enzyme, which would
serve as a scaﬀold for the activity of the second radical SAM
enzyme. In this scenario, the role of HydF is to eﬀect translo-
cation and insertion of the intact 2Fe subcluster of the H-clus-
ter into an apohydrogenase (Fig. 1, Step D). The concept of
metal cluster assembly on a scaﬀold and subsequent insertion
into a target protein has been experimentally established for
both the general synthesis of [4Fe–4S] clusters in proteins[22] and for the biosynthesis and insertion of the FeMo-cofac-
tor for the enzyme nitrogenase [23]. The observation that
HydE and HydF are functionally fused in some organisms
[12] may suggest that HydE may be serving as a cluster biosyn-
thesis scaﬀold. It is also possible that the hydrogenase itself
may act as a scaﬀold for one or more steps of the biosynthetic
pathway.5. Glycine as a precursor for carbon monoxide and cyanide
The synthesis and generation of carbon monoxide and cya-
nide ligands by a radical SAM enzyme requires invoking chem-
istry that is not precedented, at least not intuitively, for this
enzyme class and our solution to this problem clearly repre-
sents the most intriguing insights presented in this work. This
process involves chemistry occurring at the Fe atoms of our
newly generated dithiolate bridged [2Fe–2S] cluster (Fig. 1,
II). As mentioned previously, the presence of the dithiolate
linkage eﬀectively akylates and protects the bridging sulfur
atoms towards further radical reactivity and we envision the
direct reaction of the cluster Fe atoms with an amino acid rad-
ical in the generation of the carbon monoxide and cyanide li-
gands of the cluster (Fig. 1, Step C). This would provide a
ﬁxed source of carbon monoxide and cyanide, similar to car-
bamoyl phosphate in the NiFe hydrogenases, as opposed to
generating free carbon monoxide and cyanide that could be
toxic to living cells. A common precursor for carbon monoxide
and cyanide is attractive, since both the carbon monoxide and
cyanide ligands could be generated by the activity of a single
enzyme (the remaining radical SAM). The synthesis of both
carbon monoxide and cyanide ligands in a concerted manner
would allow for the directed coordination and addition of both
carbon monoxide and cyanide ligands to each iron. The gener-
ation of an amino acid radical is precedented chemistry for
members of the radical SAM enzyme class. Examples include
the lysyl radical generated in the reaction catalyzed by ly-
sine-2,3-amino mutase [15] and the glycyl radical generated
by pyruvate formate lyase activating enzyme [20]. We favor
glycine as a substrate for this reaction in H-cluster biosynthesis
since the amino acid can be rationally decomposed into the
known H-cluster ligands carbon monoxide, cyanide, and
water.
Density functional theory has been a valuable tool for
advancing our understanding of the structure of the H-cluster
of the FeFe-hydrogenase in the context of chemical reactivity
[24–27]. In the context of H-cluster biosynthesis DFT calcula-
tions were utilized to examine whether a rational potential en-
ergy surface could be deﬁned for amino acid decomposition at
the Fe site of an Fe(I) thiolate model. Geometry optimizations
were carried out using the BP86 density functional theory
[28,29] with the LANL2DZ eﬀective core potential and basis
set [30] in Gaussian03 program suite [31]. Stationary points
and energy diﬀerences in Fig. 2 are from polarizable continuum
[32] calculations employing water parameters of solvent radii
(1.385 A˚) and dielectric constant (78.39). The chemistry envi-
sioned for this reaction involves the formation of an activated
glycyl radical (Fig. 2, compare bond lengths in 1 and 2), which
is planar due to the delocalization of the unpaired electron into
the amine and carboxyl out-of-plane N, O and C 2p-based orbi-
tals. This glycyl radical can react with the reduced Fe atoms of
the dithiolate bridged cluster intermediate forming an allyl-type
Fig. 2. An anticipated potential energy surface for glycine decomposition at a computational model for the reduced Fe site of [2Fe] subcluster of the
H-cluster biosynthetic intermediate.
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(C8), the a-carbon (C5), and a carbonyl oxygen (O9, Fig. 2,
structure 4) to the Fe(I) atom. Protonation of the coordinated
carbonyl oxygen (O9) leads to a spontaneous cleavage of the
C8–O9 bond in 5 that gives a coordinated water ligand. Using
the calculated bond lengths of the free CO/CN and water mol-
ecules (shown on the right side of Fig. 2), the increase of bond
order between the a-carbon (C5) and nitrogen (N1) and car-
boxyl carbon (C8) and oxygen (O10) can be readily followed
along the reaction coordinate. The remaining hydrogen atom
(H7) attached to the a-carbon may be eliminated in a C–H
bond activation reaction that results in a hydride intermediate
(6). Deprotonation of the nitrogen (N1) leads to a spontaneous
cleavage of the a-carbon (C5)–carbonyl carbon bond (C8),
while protonation of the hydride ligand (H7) gives dihydrogen.
The latter two steps give the anticipated coordination environ-
ment of Fe in 7 and thus complete the reaction coordinate. The
ability to reduce the iron atoms of the [2Fe] subcluster to Fe(I)
seems to be essential to facilitate the formation of the carbon
monoxide ligands. In this reaction scheme reducing equivalents
could potentially be obtained from an additional [4Fe–4S] clus-
ter present on the radical SAM enzymes [13] or HydF [12].
The product of the aforementioned chemical steps would
produce a nearly intact 2Fe subcluster of the H-cluster that
then could be inserted into the hydrogenase (Fig. 1, Step D).
This presumes that the [4Fe–4S] subcluster of the H-cluster
is already present in the apohydrogenase recipient. This seems
like a reasonable assumption, since the [4Fe–4S] subcluster has
a classical tetrathiolate coordination with standard cubane
geometry and the gene products required for [4Fe–4S] cluster
is part of the more general FeS cluster biosynthesis machinery
[22]. An additional unknown within this hypothetical mecha-
nism is the source of the Fe bridging carbonyl of the 2Fe sub-
cluster. It is attractive to envision that the bridging carbonyl is
generated at the level of the formation of the dithiolate bridge
(Fig. 1, Step A) further stabilizing this cluster intermediate andfacilitating the generation of the lower oxidation states that
would favor generating the terminal carbonyl ligands.6. The H-cluster and prebiotic chemistry
It may turn out that the signiﬁcance of our particular sugges-
tion for the H-cluster biosynthesis may be somewhat overshad-
owed by the implications of the reverse reaction on the origin of
amino acids in the context of prebiotic chemistry. Complex
iron–sulfur clusters are found not only at the active site of
hydrogenases but also nitrogenases and carbon monoxide
dehydrogenases. Since H2, N2, and CO were all likely compo-
nents of a primordial atmosphere, it has been suggested that
iron–sulfur clusters may have been among the earliest cofactors
[33–35]. In the current work, the reverse of the glycine decom-
position considered at face value represents the condensation of
carbon monoxide, cyanide, and water in the presence of iron–
sulfur minerals in a reducing environment to yield glycine. It
is intriguing to consider the possibility that both small molecule
interconversions and condensations occurring at iron–sulfur
mineral surfaces were of paramount importance in the origin
of life. Present day organisms utilize components of these min-
eral structures to accomplish these transformations at the
highly tuned Fe–S active sites of enzymes such as hydrogenase.
In summary, the hypothesis presented here combines prece-
dented chemistry catalyzed by members of the SAM radical
enzymes, coupled with bioinorganic and organometallic chem-
ical principles in generating a rational mechanism for the bio-
synthesis of the hydrogenase H-cluster. The potential for both
carbon monoxide and cyanide to be derived in a concerted
manner from a single compound that is maintained at a steady
state in the cell is a very rational and attractive scenario. These
insights provide a compelling working model for H-cluster bio-
synthesis and highlight the diversity of reactions catalyzed by
members of the radical SAM enzyme class.
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